Three salts (NaCl; KCl; Na 2 SO 4 ) were supplied to pomegranate cv. Wonderful plants, in order to investigate their effects on growth, nutrient status, chlorophyll, total carbohydrate content and antioxidant defense system. In general, high salt supply led to a significant decline in total N and K content of plants. Also, all salt treatments decreased Ca and Mg concentration of leaves. Both NaCl and KCl treatments increased leaf Cl concentration by up to 418%. Salt excess resulted in a significant decline of chlorophyll and carbohydrate concentration of leaves and/or roots. Finally, concerning antioxidants, diamine oxidase activity increased in the treatment of 120 mM Na 2 SO 4 . In conclusion, salinity impaired mineral nutrition of pomegranate cv. Wonderful. On the other hand, that cultivar presented mechanisms that alleviated the detrimental effects of salinity. Therefore, the studied plants, even under high saline treatments, managed to maintain water content, chlorophyll fluorescence and enzyme activity in normal levels. These results suggest that 'Wonderful' may be cultivated under saline conditions provided that a suitable fertilization program is used.
Introduction
Soil salinity is one of the most serious environmen- Pomegranate (Punica granatum L.) is considered to be moderately tolerant to salinity (Maas and Hoffmann, 1976) . Although pomegranate is one of the oldest known edible fruits, its culture has always been restricted and generally is considered as a minor crop. In recent years, pomegranates are increasingly recognized as attractive fruit trees that provide highly valued health beneficial ingredients and a wide range of usages of the fruit and its products. Thus, it is of utmost importance to exploit its potential against salinity.
Salinity reduces plant growth due to osmotic and ionic effects on soil solution. The most damaging effects of salinity on plants include ion toxicity, water deficit and nutrient imbalance (Marschner, 1995) . Additionally, components of photosynthetic electron transport in the chloroplasts as well as the enzyme responsible for carbon assimilation are highly sensitive to Na + and Cl -concentrations (Nayidu et al., 2013) . The salt-related decline in the photosynthetic activity might trigger PSII photoinhibition and/or photodamage (Lu and Vonshak, 2002) . Therefore, measurements of chlorophyll a fluorescence is a rapid and noninvasive tool used to screen varieties for salinity tolerance. Furthermore, plants subjected to salinity experience oxidative damages through an increase of reactive oxygen species (ROS) (Arora et al., 2008) . These ROS cause oxidative stress by initiating lipid peroxidation that leads to a loss of membrane integrity (Dionisio-Sese and Tobita, 1998) . To scavenge the ROS, plants possess protective enzymes like peroxidase [POD (EC 1.11.1.7)] and diamine oxidase [DAO (EC 1.4.3.6)] that protect plants from ROS damage (Xing et al., 2007; Wu et al., 2012) .
In most cases, salinity problems are linked to an excess of NaCl in the irrigation water, but sometimes other salts like Na 2 SO 4 and KCl are present. Many reports studied the effects of salinity induced by an excess of NaCl, but few works have been carried out on the effects of KCl and Na 2 SO 4 . The present study was undertaken to evaluate the effects of NaCl, KCl and Na 2 SO 4 on growth, tissue ion, chlorophyll and sugar contents, and antioxidant response of P. granatum.
Materials and Methods

Plant material and treatments
Six-month-old pomegranate (cv. Wonderful) plants, uniform in height and girth, were transplanted to 3L plastic pots containing a 1:1 sand: perlite mixture. for the treatments 40, 80 and 120 mM NaCl, respectively, 5.5, 9.5 and 12.9 for the treatments 40, 80 and 120 mM KCl, respectively, and 5.9, 12.7 and 12.6 for the treatments 40, 80 and 120 mM Na 2 SO 4 , respectively. The treatment with no salt addition was considered as control. Every 10 days, 450 ml of distilled water was supplied to each plant in order to leach out any accumulated salts.
After 60 days the experiment was terminated, when typical visual symptoms of salt toxicity appeared.
Plant growth and determination of inorganic ions
At initiation of the experiment the mean plant height (and standard error) was 26.4 (3.06) cm and the mean trunk diameter (and standard error) was 1.6 (0.13) mm. At the end of the experiment, the plants were harvested and separated into leaves (basal and apical), stems and roots. The number of leaves, the plant height, the number and length of lateral stems, as well as their fresh weight (FW) and dry weight (DW) was measured. The DW% was equal to the ratio (DW/FW) × 100.
Determination of the N was carried out using the Kjeldahl method and Cl was extracted from the dried tissue with distilled water and measured by titration with 0.0141N AgNO 3 . For K, Ca, Mg and Na analyses, 0.5 g of dried sample was dry ashed for 6 h at 550 °C, dissolved in 3 ml 6 N HCl and diluted to 50 ml with deionized water. The concentrations of K, Ca, Mg and Na were determined using atomic absorption spectroscopy (Perkin-Elmer model 2380;
Perkin-Elmer, Salem, MA, USA). Nutrient use efficiency (NUE) which is defined as the amount of dry biomass produced (in g) per unit (mg) of nutrient was also calculated.
Determination of chlorophyll fluorescence and content
Chlorophyll fluorescence was measured using a porta- Papadakis et al. (2007) .
The previous leaves were also used for SPAD (Soil Plant Analysis Development) measurements with a portable CCM-200 chlorophyll content meter (Optisciences Inc., USA).
Determination of carbohydrate and antioxidant activity
Carbohydrate concentrations in leaves and roots were assayed following the anthrone method (Khan et al., 2000) . For POD and DAO assays, fresh leaf and root samples (0.25 g) were homogenized in a cold mortar with a pestle using 1. A change in absorbance of 0.01 was regarded as a unit of the enzyme activity. All the above spectrophotometric analyses were conducted in a Shimadzu spectrophotometer (Kyoto, Japan) at room temperature (25 ± 2 °C).
Statistical data analysis
The experimental layout included three salt concen- 
Results
Growth parameters and toxicity symptoms
The number of leaves per plant decreased significantly in all salt treatments, except for 40 mM KCl (Table 1 ).
The fewest leaves per plant (38.7) were measured in the plants treated with 120 mM KCl. Similarly, salinity negatively affected the number of lateral shoots, mainly in the highest salt concentrations, whereas neither the length of lateral shoots nor the plant height was affected by the inclusion of salts in the nutrient solution.
The stem diameter at the end of the experiment was affected negatively only in the treatment 120 mM KCl (2.24 mm), compared to control (2.69 mm).
Concerning the percentage of dry weight of leaves it
was significantly declined only in top leaves of Na 2 SO 4 -treated plants. Moreover, the total plant dry weight was reduced in the treatments 120 mM KCl and Na 2 SO 4 compared to control. At the end of the experiment, DW% ranged between 16.41 and 40.17% in leaves, 31.31 and 47.03% in stems and 17.52 and 32.50% in roots (data not shown). Moreover, the ratio of DW of aerial parts to DW of root was reduced in the treatments 80 and 120 mM NaCl, KCl and Na 2 SO 4 , compared to control (data not shown). This reduction of shoot-toroot mass ratio is a common response of stressed plants in order to minimise water losses and thereby to maintain a favourable water status for growth.
All plants maintained their leaves during the experiment. Toxicity symptoms due to salinity were developed on the older leaves, in the form of tip chlorosis followed by marginal chlorosis and necrosis, firstly in the plants treated with 120 mM KCl followed by the Na 2 SO 4 -treated ones. Response of pomegranate to salinity 
Absorption of inorganic ions
Final N concentration in plants ranged between 18.3 and 29.1 g kg -1 in leaves (Table 2a ), 8.3 and 10.5 g kg -1 in stems and 9.4 and 11.8 g kg -1 in roots, (Table 2b) . Also, the N concentration in top leaves was significantly reduced in all treatments compared to control. High salt supply led to a significant decline of total N content, whereas N use efficiency was significantly enhanced in all salt treatments (Table 3) . At the end of the experiment, K concentration ranged between 11.1 and 49.8 g kg -1
in leaves (Table 2a) , 8.5 and 25.8 g kg -1 in stems and 6.5 and 24.6 g kg -1 in roots (Table 2b ). The inclusion of KCl in the nutrient solution led to an increase in K concentration of leaves and stems. Generally, NaCl-treated plants presented lower K concentration in basal leaves, stems and roots than the control. High Na 2 SO 4 supply led to a decline in K concentration in leaves and roots.
Also, high NaCl or Na 2 SO 4 supply decreased total K content of plants. Concerning K use efficiency (Table   3) , this was significantly increased in NaCl and Na 2 SO 4 treatments but decreased in KCl treatments. Mastrogiannidou et al. in stems and 4.8 and 9.0 g kg -1 in roots (Table 2b ). In general, all salt treatments led to a significant decrease of Ca concentration in leaves, as well as in total plant Ca content. Moreover, KCl-treated plants had lower Ca concentration in stems, compared to control. The
Ca use efficiency of plants was positively affected by salt inclusion in the nutrient solution (Table 3) .
The final Mg concentration in plants ranged between 0.3 and 2.1 g kg -1 in leaves (Table 2a) , 0.4 and 2.1 g kg -1 in stems and 0.5 and 2.1 g kg -1 in roots (Table 2b ).
All salt treatments decreased Mg concentration of leaves. Also, NaCl and Na 2 SO 4 treatments decreased Mg concentration in roots, whereas Na 2 SO 4 supply led to an increase in Mg concentration of stems.
Generally, the total plant Mg content was depressed,
whereas Mg use efficiency of plants treated with NaCl or KCl was significantly increased, compared to control (Table 3) . At the end of the experiment, Na concentration ranged between 0.5 and 14.8 g kg -1 in leaves (Table 2a ), 1.7 and 9.5 g kg -1 in stems and 1.5 and 9.1 g kg -1 in roots (Table 2b) . Total Na content and Na concentration in all parts of the plants treated with Response of pomegranate to salinity NaCl or Na 2 SO 4 were significantly increased, whereas Na use efficiency was decreased compared to control (Table 3 ). The order of magnitude of Na concentration 
Chlorophyll content and fluorescence
The concentrations of chlorophyll in leaves (expressed as mass per unit area or as SPAD units) were affected by the salt concentration in the nutrient solution (Table 4) 
Carbohydrate content and antioxidant activity
Carbohydrate concentrations recorded in leaves were 2.4 to 5.6 times higher than those in roots ( 
Discussion
The general pattern of plant response to salinity is growth suppression depending on salt concentration and composition, physiological stage of plant and plant species. Toxicity symptoms were developed on the older leaves, especially, in their tips and margins, since NaCl is carried in the transpiration stream and it is accumulated where that stream ends.
Because older leaves had more time to accumulate NaCl, their symptoms appear first and are more severe (Benton Jones, 2002; Chatzissavvidis et al., 2008) . In the present study, salinity affected negatively, mainly the number of leaves, number of lateral shoots and dry weight (%) of leaves. In line, leaf number of citrus rootstocks decreased with the increase in salinity (NaCl) level in the irrigation water (Anjum, 2008) and the number of lateral shoots of Cornus plants decreased in 50 and 100 mM of NaCl or Na 2 SO 4 (Renault et al., 2001) . Munns and Tester (2008) suggested that moderate salinity inhibits lateral shoot development that becomes apparent over weeks and it is a response to the osmotic effect of NaCl. Contrary to the suggestion of Tattini et al. (1995) that shoot elongation is more sensitive to salinity than the number of leaves, we did not found any effect on shoot length or plant height. However, works have reported that plant height, number of leaves, and stem diameter of pomegranate plants decreased significantly with increasing soil salinity (Khayyat et al., 2014) .
Response of pomegranate to salinity
Regarding dry weight (%) of leaves, a decline has been also reported for other NaCl or Na 2 SO 4 -treated pomegranate or other woody species (Doring and Ludders, 1986a; Papadakis et al., 2007; Melgar et al., 2008) . The observed consequences of salinity on plant growth may be the end result of reduced photosynthetic rate, or a complex sum of osmotic effects, ion toxicities and mineral perturbations in plants (Naeini et al., 2004) . Especially, the leaf growth rate decreases when soil salinity is elevated, primarily due to the osmotic effect of the salt accumulation around the roots (Munns and Tester, 2008; Khayyat et al., 2014) . As a consequence, a significant decline in water content has been also observed for salt-treated pomegranate plants (Doring and Ludders, 1986a) . It is well known that the water availability for the plants grown under saline conditions is quite low, because of the increased osmotic potentials existing in the root environment. increasing NaCl in the nutrient solution (Chatzissavvidis et al., 2008) . In line, Banuls and Primo-Millo (1995) found that N accumulation in orange plants was negatively correlated with Cl accumulation during salinity stress, speculating that this was due to some form of competition between nitrate and Cl ions. According to Grattan and Grieve (1992) In line with our results, a negative effect of salinity on K concentration has been found in pomegranate or other woody species (Renault et al., 2001; Kulkarni et al., 2007; Papadakis et al., 2007 ). An apparent antagonistic relationship between Na and K has been distinguished in salt-treated pomegranate plants (Naeini et al., 2004) . This antagonism may be related to the direct competition between uptake of K and Na at the root absorption site. Accordingly, we observed an accumulation of Na accompanied by a decrease in K in the roots and this has been also reported by Renault et al. (2001) . A high concentration of Na can interfere with K uptake, resulting in K deficiency and stunted growth. It is well known that the two ions compete for uptake at the plasma membrane level (Marschner, 1995) . What is more, reduction in K + uptake in plants by Na + is a competitive process and occurs regardless of whether the solution is dominated by Na + salts of Cl -or SO 4 2-. The decline of K concentration in roots during salinity stress period may also provide a mechanism by which plants achieve ionic balance following uptake of high Na concentrations in roots (Marschner, 1995) . Therefore, the active absorption of K + versus Na + has to be sufficient in order to cover the K + metabolic needs of plants, and for the survival of plants grown in saline medium. Salinity may increase the energy consumption required for osmotic regulation and competition of transported ions. This may subsequently lead to a reduction of metabolically important ions such as K + (Kwon et al., 1995) .
Calcium is important in cell biology during salt stress, for example, in preserving membrane integrity, signaling in osmoregulation and influencing K/Na selectivity (Marschner, 1995) . It plays a critical role in the growth of roots under salinity conditions; under such conditions, Ca content may be reduced (Kwon et al., 1995) , as was also observed in the present experiment. Esechie and Rodriguez (1998) reported that root pressure, which is a mechanism for Ca transport to plant, was decreased at high salinity and consequently decreased plant transpiration, leading to Ca deficiency. In accordance to our results, it has been reported that increasing salinity in growth medium led to a decline in Ca content of pomegranate and cherry leaves (Kulkarni et al., 2007; Papadakis et al., 2007) .
Also, Naeini et al. (2004) experimenting with pomegranate, suggested that the reduction in Ca absorption and translocation was perhaps due to the elevated Na concentration, as Na and Ca are antagonistic in their absorption and translocation. Interestingly, in saline stressed citrus plants, the decline in leaf Ca concentration was attributed to inhibition of Ca uptake by the roots (Melgar et al., 2008) .
Similarly to our results, Naeini et al. (2004) working with pomegranate found that Mg concentration in roots presented a decreasing trend with an increase in salinity. In line, a negative correlation between salinity and Mg concentration in leaves of pomegranate was also recorded by Kulkarni et al. (2007) . Karimi and Hasanpour (2014) reported that increases in salinity (NaCl + CaCl 2 ) reduced shoot and root Mg concentration in pomegranate. A connection between salinity and Mg deficiency has also been reported by other researchers, although no antagonism has been confirmed between Na or Cl and Mg in absorption and translocation (Doring and Ludders, 1986a) . Doring and Ludders (1987) reported that Na concentration increased in pomegranate leaves of NaCl-treated plants compared to control, as was also observed in our experiment for NaCl and Na 2 SO 4 treatments.
Moreover, the findings of Karimi and Hasanpour (2014) and Naeini et al. (2004) that Na in roots of pomegranate enhanced significantly up to 40 and 30 mM NaCl, respectively, whereas at higher levels of salinity the increase was not significant, were in accordance to our results. Roots accumulate Na up to a determinate concentration and since root capacity for Na accumulation is saturated, then Na concentration of leaves increased with increasing of Na in nutrient media (Esechie and Rodriguez, 1998) . Concerning Na partitioning, studies on pomegranate and olive (Naeini et al., 2004) grown in saline growth media showed that Na concentration of basal leaves was higher than that of apical leaves. In the present study, likely, NaCl and/or Na 2 SO 4 treated plants had higher Na in basal leaves than in apical ones. However, unlike the results of Naeini et al. (2004) , we found that the average Na concentration of leaves was higher than that of roots.
In fruit crops, sensitivity to salinity is closely correlated with Cl concentration in various plant tissues Response of pomegranate to salinity and mainly in leaves. Leaves are the main sinks of Cl, since its concentration was found to be much higher in leaves than in stems and roots (Doring and Ludders, 1987; Papadakis et al., 2007) . Naeini et al. (2004) experimenting with pomegranate reported that Cl accumulation in an increasing order was basal leaves > apical leaves > root, whereas we found higher Cl in apical than in basal leaves of KCl-treated plants.
Since the transport of Cl -ions occurs mainly in the transpiration stream, the above results were not un-
expected. Chloride concentration in leaves increased
with an increase in NaCl-induced salinity in three pomegranate cultivars (Naeini et al., 2004) , as was found in the present work. We also observed that the increase in leaf Cl concentration was proportional to NaCl concentration in the nutrient solution. It is suggested that increasing salinity enhances Cl uptake and this is partly due to lower availability of Ca and as a result, enhanced permeability of root cell membranes (Marschner, 1995; Naeini et al., 2006) . A study on NaCl-stressed citrus plants has shown that the toxic ion was Cl and leaf injury was associated with Cl (Bar et al., 1998) . A particular threshold of leaf Cl concentration (around 15 g kg -1 DW) triggers leaf abscission through increased ethylene production (Raveh and Levy, 2005 ) in our study could be linked to low leaf transpiration, high shoot to root ratio and/ or the ability of roots to retain a high Cl concentration. Specifically, it is established that the tolerant Citrus species are able to reduce the upward translocation of the Cl ions to the leaves (Melgar et al., 2008) .
As pomegranate of the present experiment, many other species, e.g. citrus showed a decline in chlorophyll content in response to an increasing salt stress (Melgar et al., 2008) . In general, chlorophyll concentration in plants has a strong negative correlation with salinity. Salinity may influence absorption of some ions, such as Mg 2+ and Fe
2+
, which are involved in chlorophyll formation (Sivstev et al., 1973) , and in this study Mg concentration in plants was depressed by saline treatments. Also, it is well known that the chlorophyll degrading enzyme chlorophyllase is more active under salt stress. However, changes in chlorophyll during salinity vary depending on plant species, salt treatments and plant age. Specifically, NaCltreated cherry plants showed significant reductions of chlorophyll concentration of leaves containing Na and Cl higher than 5 mg g -1 and 20 mg g -1 , respectively (Papadakis et al., 2007) . In our experiment, the respective threshold values were 6.5 mg g -1 for Na (NaCl and Na 2 SO 4 treatments) and 10 mg g -1 for
Cl (NaCl and KCl treatments). Also, whereas Doring and Ludders (1986b) observed that the lowest chlorophyll contents of pomegranate leaves was observed at medium salt level (60 mM NaCl or Na 2 SO 4 ), our results indicated the most pronounced decline in the chlorophyll concentration of plants treated with 120 mM NaCl or Na 2 SO 4 .
Furthermore, salts might built up in the chloroplast and exert a direct toxic effect on photosynthetic processes (Munns and Tester, 2008) . However, Doring and Ludders (1986b) reported that the rate of photosynthesis in pomegranate was hardly influenced, despite the reduced chlorophyll concentration. Therefore, they concluded that an activity-increase of the existing amount of chlorophyll can be determined.
This may also be the explanation for chlorophyll fluorescence parameters not having been affected by salinity in our experiment. Although chlorophyll fluorescence parameters were strongly affected by NaCl stress in two Iranian pomegranate cultivars (Khayyat et al., 2014) , other researchers reported that F v /F m ratio was not affected by salinity in citrus or olive plants (Melgar et al., 2008) .
Similarly to our results for KCl and Na 2 SO 4 treatments, many studies on pomegranates subjected to saline treatments indicated that carbohydrates in leaves decreased as salinity increased Ludders, 1986a, 1986b; Naeini et al., 2004) . Khayyat et al. (2014) suggested that with salinity (NaCl) increment, accumulation of total carbohydrates in two pomegranate cultivars was depressed significantly. As an explanation, Doring and Ludders (1986a) concluded that high osmotic pressure caused by salt accumulation may inhibit activity of hydrocarbons-synthesizing enzymes and, as a result, decreased soluble sugars concentration.
Interestingly, there was a similar pattern between the activities of the two studied enzymes (POD, DAO) demonstrating their close relationship, as was also found in chick-pea plants (Angelini et al., 1990 ).
In our case, the supplied salt form and concentration did not influence the activity of the above enzymes in four of the six saline treatments, but Na 2 SO 4 treatments increased POD and DAO activity. In terms of antioxidant activity, a higher sensitivity to Na 2 SO 4 than NaCl was also found by Tarchoune et al. (2010) experimenting with basil plants.
Many reports have referred the enhanced POD and DAO activity under salinity stress (e.g. DionisioSese and Tobita, 1998). However, our results have
shown that even at 120 mM NaCl or KCl antioxidant enzyme activities remained unchanged compared to control, indicating that these salt concentrations
were not capable to produce oxidative damage. This antioxidant response may be indicative of the high tolerance of pomegranates to salinity stress.
Conclusions
Overall, the results show that pomegranate plants present mechanisms, such as that of shoot-to-root growth regulation, that alleviate the detrimental effects of salinity. Therefore, our plants, even under high saline treatments, managed to maintain water content, chlorophyll fluorescence and enzyme activity in normal levels. These results suggest that 'Wonderful' plants may be cultivated under saline conditions provided that a suitable fertilization program is used.
